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High dose carbon implantation into p-type silicon with a metal vapor vacuum 
17 
arc (MEWA) ion source has been performed. The dose ranged from 1 x 10 to 1 x 
1018 ions/cm2 and the energy of the in^lantation was 50 keV. Spreading resistance 
profiling (SRP), current-voltage measurement (I-V), and Fourier transform infrared 
absorption (FTIR) measurement were carried out to characterize the inq)lanted 
junction. 
From the hot-probe measurement of the SRP, the surface layers of the as-
implanted samples were found to have changed from p-type to n-type. After annealing 
at 800°C, the n-type layer of the lower dose sarrq)le disappeared. But for higher dose 
sauries, it requires a higher annealing tenqjerature of 900°C for the n-type 
conductivity to disappear. 
The spreading resistance depth profiles showed that the sanq)les began to 
recrystallize after annealing at 7000C for 1 hour. For higher annealing tenq>eratures，a 
low resistance layer with the resistance lower than the substrate was formed. For the 
1200°C annealed sanq)le, that layer extended to over 3(im and the lowest spreading 
resistance is only 0.1 of that of the substrate. Possible mechanisms responsible for the 
conductivity type conversion and the formation of the low spreading resistance layer 
were discussed but a conclusive mechanism was not available at this stage. 
n 
The junctions formed in the as-inq)lanted sample were n-p heterojunctions and 
those formed in the high temperature annealed samples were p"-p heterojunctions. 
There was a transition range of the annealing temperature from 800°C to 900°C below 
which the junction formed were n-p junctions and above which p -p heterojunctions 
were formed. 
The chemical bonding structures of these inqjlanted samples and their changes 
with annealing were studied by FUR measurements. The results were used to help to 
understand the electrical behaviors. 
The current transport mechanisms in these heterojunctions were studied in 
details by investigating the tenq>erature variation of the I-V characteristics and their 
derivatives. Depending on the inq>lantation and annealing conditions, the samples show 
different current transport mechanisms at different measurement temperature ranges. 
Judging from the rectijfykg behaviors of these junctions, the optimum annealing 
temperature was found to be at around 900°C. For the best sauq>le we had in this 
study, the forward to reverse current ratio can achieve a value of 970000 at a bias 
voltage of 3 V in magnitude at room tenqjerature measurement. 
Finally, fiuther works to investigate the mechanisms responsible for the 
conductivity type conversion in the as-implanted sanq)les and that for the formation of 
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CHAPTER I INTRODUCTION ： 
Chapter 1 Introduction 
In 1965, E.O. Johnson had considered the potential of some semiconductors 
for high frequency and high-power usage [Johnson 1965]. He had design a Johnson's 
figures of merit that it is the basic limitation of a semiconductor for high 
frequency and high power use where EB is the breakdown electric field and Vs is the 
saturated (limiting) electron velocity. Table 1.1 shows the EB, Vs, Johnson's figure of 
merit and its ratio to that of silicon for some materials. It can be seen that p-SiC, a-
SiC and diamond possess the out-standing performance. 
Table 1.1 Johnson's figure of merit for transistor's power and frequency 
performance for some semiconductors [Davis et al 1992, Johnson 1965]. 
Material EB(V/cm) Vs(cm/s) ~ ( E b V s ) / t i ~ ((EbVs)/tc)2 Ratio to Si 
(V/S) (V/S)2 
Si 3 x l 0 5 1.0 x 107 9.5 x 1011 9.0 x 1023 
GaAs 4 x l 0 5 2.0 x 107 25.0 x 1011 62.5 x 1023 6.9 — 
toP 6 x 105 2.0 x 107 38.0 x 1011 144.4 x 1023 16.0 — 
GaN 20 x 105 2.5 x 107 159.2 x 1 0 1 1 2 5 3 4 x 1023 281.6 — 
a(6H)-SiC 40 x 105 2.0 x 107 250.0 x 101 1“6250 x 1023 694.4 — 
plsiC 40 x 105 2.5 x 107 320.0 x 10 1 110240 x 1023 1137.8 
Diamond 100 x 105 2.7 x 1 0 7 8 5 9 9 . 4 x 1011 73856 x 1023 8206.0 
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In 1972, R.W. Keyes considered the potential of some semiconductors for high 
switching speed transistors in ICs for conqmter logic application [Keyes 1972]. He had 
designed a Keyes's figure of merit in which he consider the saturated limiting electron 
velocity, the thermal conductivity and the dielectric constant of the semiconductor. In 
his consideration, he had focused on the matter of power dissipation in the small, 
closely spaced devices. When the size of the device is reduced, the thermal resistance 
will be larger. Therefore the limit of a material on high speed operation will greatly 
depends on its thermal conductivity. Table 1.2 shows Keyes's figure of merit for some 
semiconductors. From both Table 1.1 and Table 1.2 the performance of silicon carbide, 
especially P-SiC, is just next to diamond and is therefore a material of reasonable 
choice for high frequency logic, microwave communications and high tenqjerature 
microprocessors applications [Davis et al 1992]. 
Table 1.2 Keyes's figure of merit for the speed of a transistor for some 
semiconductors [Davis et al 1992, Keyes 1972]. 
Material aT (300K) Vs (cm/s) K aT(Vs/K)1/2 Ratio to Si 
(W/cm) W/(cms)1/2 
Si L5 1.0 x 107 1L8 13.8 x 102 
GaAs Ol 2.0 x 107 12^ 8 6.3 x 10 2 ~ 0.456 
MP 0?7 2.0 x 107 14 8.4 x 102 0.608 
L5 2.5 x 107 9 l 24.3 x 102 1.76 
a(6H)-SiC 5^ 0 2.0 x 107 10 70.7 x 102 5.12 
P-SiG l o 2.5 x 107 9 J 80.3 x 102 5.8 
Diamond 200 2.7 x 107 J 3 444 x 102 32.2 
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Large size SiC crystals are mainly grown by 3 methods: (1) Crystallization 
from solution: SiC crystals are grown from a carbon rich silicon melt at 1700°C or 
higher. Since carbon has an appreciable solubility in silicon at 1700°C, the solution will 
be supersaturated with respect to SiC. This method is mainly used for the production 
of (3-SiC. (2) Sublimation and condensation: Tiny SiC powder are used and the single 
crystals are grown by this process at 2500°C. Since the tenqjerature is very high, the 
crystals produced are always the high-tenq)erature hexagonal type. (3) Chemical vapor 
deposition (CVD) growth is prepared via carbon and silicon containing gases. Both a-
and P- phase SiC can be prepared by this method [Dobson 1986]. 
There has been extensive research efforts on a-SiC devices [Davis et al 1992, 
Davis 1993，Hobgood et al 1994，Palmour et al 1993]. Devices such as BJTs, diodes, 
FETs, MESFETs, MOSFETs, NVRAM and sensors were reported. But the research 
on P-SiC devices is still on the starting stage. 
P-SiC has a band gap energy of 2.2eV at 300K and its saturated electron drift 
velocity is expected to be higher than the polytype 6H-SiC in which it is 2 x 107 cm/s. 
The junction breakdown electric field is about 4 x 106 V/cm and the thermal 
conductivity is 3.5 W/cmK at 300K Therefore it is one of the conq>ound 
semiconductor that can potentially used for high-power, high speed and high 
tenq>erature operation. It can also be used in light-emitting microelectronics devices. 
• 
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Although the growth of SiC wafer had developed over 30 years, the largest 
size of SiC wafer/film ever reported is just 50mm in diameter [Hobgood 1994]. It is 
not sufficient for high current power device. At 1971, Borders proposed to use high 
dose carbon in^plantation for the growth of SiC film on Si. However, because of the 
high dose required, typically 1 x 1017 to 2 x 1018 ions/cm2, it is not favorable for the 
traditional low beam current inqjlanter. In this work, we performed the carbon 
imqplantation with a MEtal Vapor Vacuum Arc (MEWA) inqjlanter which is a high 
beam current inqjlanter that can have beam currents up to several micro-anqjeres or 
higher. The implantation time can be greatly reduced. The formation of SiC layers by 
MEWA implantation is therefore of great interest. 
Some of the potential applications include the provision of a seeding SiC 
epitaxial layer for the growth of large area SiC wafers and the direct synthesis of 
SiC/Si heterojunction devices in Si. In this thesis, however, we shall concentrate on the 
study of the electrical characteristics of the SiC/Si heterojunctions formed by high dose 
carbon implantation with a MEWA ion source. The characterization was mainly 
performed by spreading resistance profiling (SRP) measurements and temperature 
variable current-voltage (I-V) measurements, Fourier transform infrared absorption 
(FUR) experiments were also performed to study the chemical bonding structures of 
the sables in order to help understand the electrical results. 
4 
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Chapter 2 A Brief Review of Ion Beam Synthesis of SiC 
Formation of P-SiC via carbon inqjlantation was first reported by Borders et al 
in 1971 [Borders et al 1971]. It was reported that c-SiC can be formed at annealing 
tenqjeratures between 850°C to 900°C. In that work, 200keV carbon inq)lantation 
with a dose of 1017ions/cm2 was performed. The peak carbon concentration was only 
6at.%. But c-SiC was formed after annealing at 900°C for 20 minutes. The authors 
concluded that the c-SiC is of micro-crystallites surrounded by crystalline silicon after 
900°C annealing. 
Three years later, Rothemund and Fritzsche reported a clear picture between 
the annealing tenq>erature and the peak value of the IR absorption band and its 
corresponding fiill width at half maximum (FWHM) [Rothemund and Fritzsche 1974]. 
Multi-energy inq)lantatioii was used to produce a thick layer of uniform carbon 
content. The carbon concentration was about 1 x 1023 ions/cm3, higher than the silicon 
atomic concentration of 5 x 1022/cm3. They confirmed the formation of c-SiC at an 
annealing teirqperature between 800°C and 900°C. They were also the first group who 
reported the formation of a lower resistance layer in the carbon inq)lanted sanq>le after 
annealing. 
Although SiC is an interesting and useful material, there are not many reports 
on the formation of p-SiC by carbon implantation. It may be due to the fact that the 
formation of a continuous layer of SiC requires a very high carbon dose, which is 
im&vorable for low beam current ion inq)lanters. At the beginning of 1980s, Kimura 
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and his colleagues made a detailed study on the formation of SiC by carbon 
inqjlantation [Kimura et al 1981, 1982，1985]. 
Carbon inqjlantation of 50keV, lOOkeV and 150keV was performed with a 
dose of 8 x 1017ions/cm2 at room tenq>erature. From IR experiments, formation of c-
SiC after annealing at tenqjeratures higher than about 800-900°C was again confirmed. 
They further confirmed by transmission electron microscopy (TEM) and transmission 
electron diffiaction (TED) experiments that crystallites of a-SiC were formed in the 
a&-irrq>lanted sanqjles and were transformed into P-SiC after high tenqjerature 
annealing [Kimura et al 1981]. 
Soon after, there are a few reports on the formation of good quality P-SiC by 
'hot' implantation at elevated substrate tenq)eratures of 600°C or higher [Chayahara et 
al 1993, Deguchi et al 1992, Golecki et al 1987, Kimura et al 1982, Lau et al 1991， 
Martin et al 1990, Raifertaigh et al 1990，Reeson et al 1990, Srikanth et al 1988]. 
Golecki et al [1987] also reported the existence of a low resistance layer in the as-
inq>lanted sanoples. 
Electrical properties of the carbon implanted SiC/Si heterojunction is not 
reported until 1988 by Srikanth [Srikanth et al 1988]. Single energy, multi-energy as 
well as 'hot' implantation were performed. They observed that the as-inqplanted 
samples and the annealed sanies showed a Schottky diode-like behavior but the 
ideality factor was very high. The current of the reverse-bias was large indicating a 
large leakage current. The large leakage current was supposed to be due to (1) 
6 
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addition, they also enq)loyed spectroscopic ellisometry to investigate the multi layer 
structure of the implanted sanq)les. 
Reeson and co-workers [Reeson et al 1990] reported the first detailed TEM 
study of high dose carbon implant silicon in 1990. Carbon inqjlantation of different 
doses and annealing teirq)eratures were performed. There were six different layers 
observed in the as-implanted sanq)le including (1) a heavily defected single-crystal 
silicon layer; (2) laminar structure of layers of crystalline silicon and amoiphous 
materials; (3) a completely amorphous layer; (4) polycrystalline layer with (3-SiC; (5) a 
second amorphous layer and finally (6) a defective single-crystal layer above the silicon 
substrate. The thickness of the layers (3)，(4) and (5) increased with the inq)lantation 
dose. The surface layer was a heavily damaged layer with small dislocation loops. 
Spherical precipitates of P-SiC were also observed in this layer. The coalescence of the 
precipitates gave rise to the formation of plate-like precipitates and finally to the 
laminar structure of layer (2). After high teir^erature annealing, the amount of P-SiC 
precipitates was increased. This also induced a large number of dislocation loops 
extended into the silicon surface layer. The amorphous layers recrystallized and 
polycrystalline P-SiC was formed. The Si-poly-SiC interface was very rough. In layer 
(6), an epitaxial layer of (3-SiC was formed. It was also supposed that 3-dimensioiial 
net of misfit dislocations were present at the P-SiC/Si interface [Reeson et al 1990]. 
Very recently, the study of the formation of SiC/Si heterojunction using 
MEWA inqjlantation was performed in our laboratory. Characterization of these 
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CHAPTER 3.1 ^AMPTR PREPARATION 
3 Sample Preparation and measurement methods 
3.1 Sample Preparation 
3.1.1 MEWA Implantation 
Ion beam synthesis of cubic SiC layers in silicon was performed by carbon 
indentation with a MEWA (MEtal Vapor Vacuum Arc) ion source. The MEWA 
ion source can easily produce high current metal ion beams of several mA or higher. 
The MEWA ion source was first developed at mid-80s by Brown and co-workers in 
Lawrence Berkeley Laboratory [Brown et al 1985, 1986]. 
_ . Extraction grids Trigger 
electrode . , / N Anode ( . \ 
C a t h o d e � ！/ ""“I J J 
I - \ i i M 曰 
f I T T ^ l I i i i ^ ^ 
― 画 —j— \ \ extracted 
卞 beam 
300 Q 丄 
f o _ _ -3kv ^ ； 
I I I J— I i • • 十 
Fig 3.1 Schematic of the electrical configuration of the MEWA source. 
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A schematic of the electrical configuration of the source is shown in figure 3.1. 
It consists of a cathode, an anode, a trigger electrode, and a set of grids for ion 
extraction. The whole set-up is housed in a vacuum chamber with a pressure around 
10"3 Pa. High purity metal of the intended ion species is used as the cathode material. 
For carbon inqjlantation in our case, a 99.999 % purity carbon rod was used. The 
anode is an annular disk with a central hole to allow portions of the plasma to pass 
through. The trigger electrode is an annular ring surrounding the cathode. They are 
separated by a thin ceramic cap. When a 10 kV is applied across the ceramic between 
the trigger electrode and the cathode，it will initiate a surface spark on the cathode 
surface. It generates a small amount of plasma. When the plasma plume towards the 
anode, the anode-cathode circuit is closed and the arc will be produced. The arc is 
formed by one or more cathode spots. Normally a cathode spot of a few |xm size will 
have a current density of up to 106 A/cm2 or larger. This high current density will 
vaporize and ionize the cathode material within the spots. When the plasma pass 
through the anod^portion of the plasma will pass through the central hole and act as 
ion beam. The other portion of the plasma will collide onto the anode and conq)lete the 
anode-cathode circuit. After passing through the anode, the plasma will enter a set of 3 
extraction grids. The first extraction grid is connected to the anode with a 300f2 
resistor. The second grid is a suppresses It is held at -3 kV. It is used to prevent 
secondary electrons. The third grid is connected to ground. The ion accelerating 
voltage is applied across the first grid and the second grid, and a deceleration is set-up 
between the second and the third grid. After this accel-decel configuratioiis, an intense 
ion beam of the cathode material is produced and directed towards the target. The 
source is operated in a pulse mode with a pulse duration of about 1.2 ms. The beam 
10 
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current is monitored by the arc current and the trigger frequency. When the arc current 
increase, the density of the extraction plasma will be higher and the current beam 
density will be increased. When the trigger frequency increase, the current will also 
increase. The beam current, Ieicc of the inqjlantation would be 
lelec Q I part 
where Ipart is the particle current and Q is the charge state of the metal ion. It 
happens that for carbon, only the singly charged state C+ exists in the plasma [Brown 
et al 1985, 1986, 1991, 1992, Brown and Godechot 1991, Gao et al 1994, Sun et al 
1994]. 
A stepper-motor is connected to the cathode such as to push the cathode 
forward from time-to-time during the process of inqjlantation，to replenish the wear-
out of the cathode source. A close cycle cooling oil system is used to remove the heat 
of the cathode, anode and the first grid, where heat is generated during operation 
cycle. Wafer is clamped on the rotatory sanqjle stage, which can hold up to 4 sauries. 
The sanqjle stage has a position lock to ensure that the samqple is normal to the beam 
direction. A close cycle cooling oil system is also added on the sanqjle stage for heat 
dissipation. A thermal couple can be placed on the wafer surface for in-situ 
temperature measurement during implantation. 
The main features of a MEWA ion inqjlanter different from a conventional 
inqjlanter are: (1) The ion beam is a broad beam and therefore there is no beam 
scanning system. For our 2 inch wafer placed at the middle of the sarcqple stage, the 
uniformity of the beam is within ±5%. (2) There is no mass separation device in the 
11 
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M E W A implanter while in conventional ion inq>lanter an analyzing system is used to 
select the intended ion species. In our experiment, iirqjlantation is used as an ion beam 
synthesis method to form SiC. The broad beam and high beam current characteristics 
of the M E W A system can provide us a higher efficiency for our high dose carbon 
irr^lantation. 
3.1.2 Implantation Conditions 
Carbon rod with 99.999% purity is used as the cathode source. Carbon 
mq)lantation was performed into the polished side of 2 inch, Czochralski, (100)，p-type 
silicon wafers produced by Pure Sil, Lie. Resistivity of the wafer is 10-20 Qcm. Energy 
of the carbon inq)lantation is 50 keV with doses of 1，5 and 10 x 1017 ions/cm2. The 
implantation was performed at 0°, that is normal incident. According to TRIM 95 
simulation，the projected range Rp is 1492A and the straggling range ARp is 466.5A. 
Using these values of Rp and ARp, the estimated distribution of the carbon implantation 
is shown in figure 3.2. Note that with the TRIM simulation, the change in the chemical 
conq>osition of the target due to the effect of high dose implantation has not been 
included. The simulated carbon profiles can therefore deviate from the real profiles 
considerably especially for the high dose case. However, the TRIM profiles can still 
give us some ideals of the approximate carbon distributions and help choose the 
inq>lantation doses. For exanq)le, of the three doses chosen, form figure 3.2, it is seen 
that the peak carbon concentration of the lowest dose sanq)le (S1C6, 1 x 1017 cm'2) is 
far smaller than the stoichiometric carbon concentration of SiC, while that of the 
12 
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medium dose (SiC8, 5 x 1017 cm"2) and that of the high dose (SiCl，1 x 1018 cm"2) are 
respectively close to and much higher than the stoichiometric concentration. 
The triggering voltage was set at about 150V. The arc voltage was set at about 
120V. The triggering frequency was varied between 10 Hz to 20 Hz. The beam current 
was varied from 0.7 mA to 2 mA. The substrate tenqjerature during inq)lantation due 
to beam heating was determined to be about 220°C to 270°C. After inq)lantation, the 
wafers were cut into pieces of about 0.7 x 1 cm2 size and annealed at 700°C - 1200 °C 
for one hour in N2 atmosphere. 
1 0 r 
^ bulk Si 
J 卜 1 x 1018 ions/cm2 
g / \ 5 x 1017 ions/cm2 
, 6 / \ 1 x 1017 ions/cm2 
！ 4 -. 7 / ; : : ; A 
i 2 - ) , — 
I 0 一 ^ ^ - - - - 一 、 、 、 ^ ^ — — 
I 
_J I I I I 1 1 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 
Depth (micron) 
Fig 3.2 Depth distribution of carbon implantation 
simulated by LSS theory. 
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3.2 Characterization Methods 
3.2.1 Spreading Resistance Profiling (SRP) 
An SSM 350 Spreading Resistance Profiling System from Solid State 
Measurement Inc. was used for the SRP measurements. This measurement method 
was proposed in 1966 [Mazur and Dickey 1966] and is widely used for the electrical 
characterization of sdlicon devices structures. Its advantage is its high spatial 
resolution. 
3.2.1.1 Principle of the of SRP Measurement Method 
The measurement technique of SRP is to measure the spreading resistance 
between two carefully aligned probes. The distance between the two probes is about 
100 \mL A small voltage of 5 mV is applied between the two probes and the resistance 
is measured. The total resistance Rt is 
Rt = 2 Rc + + Rsc 
where Rc is the contact resistance, Rsp is the spreading resistance and R^ is the 
semiconductor resistance. R« is the resistance of the metal probe/semiconductor 
contact. Rsp is the resistance for that the current flows from the small metal probe into 
the semiconductor. In theory, Rsp of a pair of flat circular contacts on a semi-infinite 
conducting materials with uniform resistivity p is 
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where r is the radius of the circular contact. In practice, the spreading resistance is a 
coirq)licated function of the resistivity, contact area, crystallographic orientation, 
conductivity type and surface finish. Therefore in the SRP measurements, to obtain 
quantitative results, a con^arison approach is adopted. A calibration curve is obtained 
by measurements on a set of standard samples with known resistivity. Then the same 
pair of probes are used for the measurements on the unknown sanq>les with all 
measurement parameters unchanged except the resistivity p to be determined. 
The probe pin is made of hard tungsten-osmium alloy. They are mounted on a 
pair of gravity-loaded probe arms. The loading of our probe pin is set at about lOg. 
The probe arms are supported by a bearing system of kinematics design with 5 point 
contact, such that the probe arm will be fixed and it will have only one degree of 
fireedom, namely, the z-direction. This can eliminate lateral probe motion during 
contact to the sanq)le. This design can on the one hand minimize the damage to the 
semiconductor surface and on the other hand reduce the wearing of the probe pin. The 
pressure at the probe pin is large thus it can provide contact with precisely controlled 
shape. The pin will only deform elastically, therefore the mechanical contacts are very 
reproducible [Schroder 1990]. 
3.2.1.2 Sample Preparation and Measurement 
In. order to measure the depth profile, san^les are mounted on an angle lapping 
sanq)le mount for depth profiling. The sanq)le will be polished by a polishing machine. 
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The polishing surface should be at least 1 mm width so as to provide an accurate angle 
measurement with the small angle measurement (SAM) method. SAM is an optical 
technique such that it can provide an small angle measurement with a beveling angle of 
0.12° or above. The measurement of the resistivity depth profile is schematically 
shown on figure 3.3. The sample mount will be screwed to the removable z-axis chuck 
and place under the stage. The beveling edge of the sanqjle is perpendicular to the x-
direction. It will move in-step in the x-direction towards the probe pins. Spreading 
resistance measurements will start from the beveling edge and the measurement will 
take place at each step. Depth profile will be resulted with a spatial resolution of 
Az = sina Ax 
where a is the beveling angle, Ax is the x-step and Az is the resolution in the z-
direction [Schroder 1990, SSM seminar 1992]. 
Bevel Edge (x = 0) 
w \ Az = Ax sin a 
！ A 
\ / i^obes aligned/1 / 
^ ^ ^ ^ Y 11/paraHelto / / / 
^ ^ • ‘ _ _ " Bevel V e r t e � / 
Original surface y; /f / 
i / Beveled Surface ! / 
Bevel angle a 
Mounting Block for Beveling 
Fig 3.3 A schematic showing of the SRP measurement. 
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For SRP measurements, the san^ples were mounted on 8，，17' or 34' sanqjle 
mount for beveling. SAM method was used to measure the bevel angle. Each sanqjle 
will be measured for at least 2 times. Further measurements will take place, if the 
difference of the sina is larger than 0.00005. If the angle is too small, a-step 100 
would be used to measure the small angle. The bevel angle ranges from about 0.080 to 
0.60. The x-step used were either 2.5|jm or 5(xhl Then the resolution in the z-direction 
will vary from 34.9A to 261.8A. To avoid contamination of the surface, SRP 
measurements will take place immediately after the SAM measurements. SRP 
measurements were carried out for at least 3 times on different positions for each 
sanq)le. 
3.2.2 Current-Voltage Measurement (I-V) 
For the current-voltage measurements, circular Al contact with radius equal to 
0.5 mm were evaporated on the surface of the carbon iirq)lanted samples. Thickness of 
the Al dot contact is at least 5000A. Al contact was also evaporated on the back side 
of the sanq>le. Alloying at 420°C for 20 minutes in N2 atmosphere was carried out after 
evaporation. The cross-sectional structure of the sanq)le is as shown in figure 3.4. 
After alloying, the sanq)le would be placed in the close-cycled He compressor 
low tenq>erature system for I-V measurement. The measurement circuit is shown in 
figure 3.5. 
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1 mm 
circular dot Al dot 
c > ^ ^ contact 
5000A > A l l l l l i i l i Carbon 
Silicon substrate 
• •• r r ~ ” — Alback 
： -: contact 
Fig 3.4 Cross-sectional structure of the carbon inqjlanted 
sauries for I-V measurement. 
sanq>le 
^ HP 4145B 
丨 
metal .• r ^ ^ t ^ H f 
holder 
I I Cryostat _ ——^—— 
M ^ m m ^ — 
T A 
^ t 1 — 
Rotary ~ ^ He Conqjressor 
Punq) 
Fig 3.5 Schematic diagram for the I-V measurement set-up. ( ) signal line, 
( — ^ ) gas flow, ( <— ) applied bias. 
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The temperature and I-V measurements were controlled with a PC, through a 
LakeShore 330 Autotuning Tenq>erature Controller and a Hewlett Packard 4145B 
Semiconductor Parameter Analyzer. The closed-cycled He conqjressor low 
temperature system is a CTI-Cryogenic Model 22 Refrigerator. Its tenq>erature can be 
as low as to 18K measured by the thermocouple attached below the sample stage. I-V 
was measured with bias applied across the junction. The measurements were 
performed at tenqjeratures ranging from 20K to 420K with a 20K increment. 
However, it was found that the noise was very large at low tenq)eratures, especially for 
small bias. Therefore, meaning results were obtained and analyzed only for 
measurements made at temperatures between 100K to 420K The applied voltage was 
from -5 V to 5V with a 0.0IV increment. The sauries were stored in a low vacuum 
environment to reduce surface leakage via moisture in the air. 
3.2.3 Infrared Transmission Measurements (IR) 
IR was done with a Perkin elmer FT-IR Spectrometer. The measurement range 
is between 400 - 4000 cm"1 with a 2 cm"1 resolution. The measurements were done in 
air with a sample size of about 1cm2, The IR signal is an average of 512 scan. A silicon 
reference wafer with the same substrate resistivity, conductivity type and orientation as 
the sanq>le is scanned for the background subtraction. Baseline line-up has been done 
for the ease of conq>arison between spectra. 
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Chapter 4 Results and Discussions 
Before going into the details on the results of the spreading resistance profiling 
and I-V measurements, we shall first mention our observations on the color changes in 
the mq)lanted sanq>les before and after annealing. Colors of the sanqjles are different 
for different dosages and annealing tenqjeratures. For the sample SiCl, the as-
inq)lanted sample is pink. After annealing, it changed to yellowish green and eventually 
it became dark green after 1200°C anneal For the sample SiC8, the color of the as-
inq)lanted sanq>le is pale pink. Its color became pink after annealing and finally it 
became grayish pink. It is colorless for the as-inq>Ianted sanq)le SiC6. It became pale 
yellow after low temperature anneal and it became grayish pink after annealed at 
1200°C. There is a trend that the color is becoming darker and darker both with dose 
and annealing tenqjerature. It is also clearly seen that the edges of the sanq)le is darker 
after 1200°C annealed. However, the exact cause of these color changes has not been 
understood. 
4.1 Results of SRP Measurements 
Depth profiles of the carbon implanted samples with different annealing 
teoq)eratiires were shown in figure 4.1. These are normalized resistance depth profiles. 
The spreading resistance values are normalized with respect to that of the substrate for 
ease of comparison. A value smaller than 1 means that the spreading resistance at that 
point is smaller than the substrate. The sanq)le code，the inq)lantation conditions and 
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other details about the sauries are given in Table 4.1. The depth profiles of sanqjles of 
different doses as shown in figure 4.1 were similar and the depth profiles of the 
medium dose sanq)le (SiC8) were taken as a typical sanqjle to discuss. From figure 
4. lb, it is seen that the surface layer of the as-inqjlanted sanqjle is of a lower spreading 
resistance than the substrate. There is a small peak at around 0.12 - 0.18jim. The small 
peak does not disappear even after annealing at 1200°C. The position of the peak does 
not shift. 
A large peak at about 0.36|im is appeared in the as~inq)lanted sanq)le, which 
has a spreading resistance higher than the substrate. At depth beyond the large peak 
position, the spreading resistance gradually decreased and finally recovered the 
resistance value of the substrate at about 0.7|im. After 700°C anneal, the position of 
the large peak shifted towards the surface and the size of the peak was smaller. The 
spreading resistance came back to the resistance value of the substrate at a depth of 
less than 0.5|IIDL 
For higher annealing tenq)erature, the size of the peak became smaller and the 
shape of the peak became rounded. A very thin but high resistant layer was appeared 
on the surface after annealing. For the samples annealed at 1000°C or above, a large 
and wide dip appeared. The dip has a lower spreading resistance than the substrate. As 
the annealing tenq)erature increases, the dip is getting larger and the spreading 
resistance is even lowered. The wide dip extended to ~3|im deep after 1200°C anneal. 
Its lowest resistance is about one tenth of the substrate. 
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Table 4.1 Sanqjle code, inqjlantation conditions and conduction layer structure of 
carbon implantation. 
Sample Code SiCl SiC8 SiC6 
dosage (ions/cm2) 1 x 1018 5 x 1017 1 x 1017 
energy (keV) 50 
temperature range of 700 - 1200 
annealing (°C) | 
annealing time (min) 60 
as- n-p n-p n-p 
layer implanted n: 0-0.37fim n: 0-0.37 n: 0-0.38 
structure ni-p-n2-p n-p n-p 
and depth 700°C ni： 0-0.025 n: 0-0.32 n: 0-0.30 
range of annealed 112： 0.064-0.258 
the n-type p-nrp-112-p n-p p-type 
layer 800°C ni： 0.065-0.075 n: 0-0.01 
(|im) annealed n2:0.125-0.170 | 
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In our SSM 350 system, a loading resistor is added on one of the probe, which 
is used as a 'hot' probe. The loading resistor act as a heater to heat-up the right probe 
and a teuoqperature gradient between the two probes is set-up. From the sign of the 
thermal emf generated by the temperature gradient, the conductivity type of the sanq)le 
3 3 i 
can be detected. The measurement range of the hot-probe is between 10" to 10 onm-
cm resistivity. For materials with high resistivity, the hot-probe method will mistakenly 
indicate an as n-type conduction even if the material is weakly p-type. It is because the 
hot-probe method actually measures the difference between the n|x„ and p{ip product. 
In intrinsic or high resistivity materials, with 叫 � 1 ½ and n « p, the measurement will 
tend to indicate n-type conductivity even if it is in fact weakly p-type. 
Table 4.1 suimnerizes the conductivity layer structures of the sanq>les. Li all the 
as>inq)lanted sanq>les, the surface layer is n-type. After 700°C annealing, the surface 
layer of sanq>les SiC8 and SiC6 is still n-type but the depth of the n-layer is shallower. 
The sanq)le SiCl shows a strange n-p-n-p structure after 700°C anneal. After 800°C 
anneals, the n-layer of SiC6 was removed. But for SiC8, the surface shows a very thin 
n-layer of O.OlfxnL The structure of SiCl is ofp-n-p-n-p like. For 900°C to 1200°C 
anneal, all the sartq)les show p-type conductivity. 
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4.2 Results of I-V Measurement 
Figure 4.2 shows a typical I-V characteristic of the sanqjles measured at 300K 
From the figure, the negative-bias gives a higher current. The I-V characteristic is 
Schottky-diode like. The tuin-on voltage is about 0.6 - 0.7V. Figure 4.3 is a semilog 
plot of figure 4.2. From figure 4.2 and 4.3, it showed that the current of the as-
inq)lanted sanq>le is the largest. After 700°C annealed, the magnitude of the current is 
reduced by an order. After 1200°C annealed, the magnitude of the current is an order 
lower than the 700°C annealed sample. Also this is a leaky junction. The ratio of the 
negative- to positive bias current is small. The positive-bias current of the as-inq)lanted 
sanq)le is largest. From figure 4.3，a hunq) was appeared on the semilog I-V graph at 
low negative bias. This is an indication of generation-recombination current in silicon 
diode. After the hunq), the current follows an exponential increase. This shows a 
typical I-V characteristic of a junction. 
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Fig 4.2 I-V plots of the sample SiC8 with different annealing 


















































































































































































































































































































































































































































































































































































































































































QTIAPTER 4,2_RESULTS OF I-V MEASUREMENT 
Figure 4.4 shows a semilog plot of the I-V characteristics of the as-inqjlanted 
samples with different doses measured at 300K From the figure, the magnitude of the 
current is in the same order of magnitude for sauries with different doses. Their shape 
is similar. The ratio of the positive- to negative- biased current is also similar. As the 
dosage increases, the negative-bias current increases. But the positive-bias current 
dose not follow such a rule. Figure 4.5 and 4.6 show the I-V plots of the sarrq)le SiC8 
as-inq)lanted and after 700°C annealing，respectively, at different measurement 
temperatures. As tenqjerature increases, the negative-bias current increases and the 
position of the hunq) in the current shift towards a lower bias. The hunq) nearly 
disappeared for 420K measurement. For the positive-bias, the increase in the current 
with temperature is small. It nearly comes to a constant after reaching room 
teirq)erature. 
Figure 4.7 show the ratios of the currents, at 3V and -3V bias at 300 K and 
200 K respectively, ie. ratio = “egcg1ve~bias = • The positive- and negative- bias was 
^positive-bias ^p 
taken as the applied voltages on the carbon implanted surface. The ratio is always 
larger than one, it means that the negative voltage bias is in the forward bias direction. 
From figure 4.7, the value of the ratio rises as the annealing temperature increases, it is 
largest at 900°C for the san^les SiC8 and SiC6, while it is largest at 1000°C for the 
samqple SiCl. As the annealing temperature further increases, the value of the ratio 
decreases. A larger value of this ratio means the leakage is smaller. The results shown 
in figure 4.7 are re-drawn in figure 4.8 with the ratio plotted in the linear scale to more 
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clearly show the optimum annealing temperature to achieve the best restifying 
properties. 
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4.3 Results of IR Measurements 
Figure 4.9a, 4.9b, and 4.9c show the IR transmission spectra in the range from 
500cm"1 to 1200cm-1 of sanqjles SiCl, SiC8 and SiC6 with different annealing 
ten^eratures，respectively. In figure 4.9b and 4.9c, only the as-iir^lanted, the 1100°C 
and 1200°C annealed sarq)les are done. The IR spectra of sanqjles of different doses 
as show in figure 4.9 were similar and that the IR spectra of SiCl were taken as a 
typical sanq>le to discuss. From figure 4.9a, it is seen that the as-icoplanted sample is a 
broad spectrum between 640cm"1 to 800cm'1. After 700°C or 800°C anneal, the 
spectrum did not have much changes. It is also a broad spectrum similar to the as-
inq)lanted sanq>le. When the IR spectra of the as-inq)knted，700°C and 800°C 
annealed san^les are conqjared, figure 4.10，it can be seen that the as-inq)lanted IR 
spectrum consists of 2 peak, one at around 640cm"1 and the other peak at around 
760cm"1. After 700°C or 800°C anneal, the intensity of the signal increases. After 
800°C annealing, the peak at 760cm"1 is larger but that at 640cm"1 peak does not 
change. From figure 4.9a, the spectrum is significantly shaipened after annealed at 
900°C. The peak position of the spectrum shifts to 794cm"1. For higher annealing 
tenqjeratures, the shape of the spectrum does not change much. The peak position is 
still 794cm'1 even after 1200°C annealing. After 1200°C anneal, there are two 
transmission dip appeared, one at around 1100 cm"1 the other at around 610cm'1. 
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Fig 4.9 a) IR spectra of the sample SiCl 
with different annealing temperatures. 
35 
CHAPTER 4.2 RESULTS OF I- V MEASUREMENT 
110 - b 
100 —— J 0 I 0 I 
90 -
80 - - ... ••••... ,.•“•..•••‘ 
7 0 ——� / — . 、 、 . \ / • 二 叫 卜 W 一 � 
60 - \.、.乂 \ \ 
\ ..... ii 
50 一 \ ...-••/ as-implanted \ / 
^ 40 - …1100°C annealed V 
^ 1200°C annealed 
g 30 -
.2 I I I I I I 
I 120 - c 
S 
1 110 ^ ^ ^ y ^ r n m r i 
100 - . ? ! l i i U i 
9 0 — — 〜 娜 麵 释 麵 . . . • 驮 
80 - f , ' . ,j fj { 
7 0 v 
6 0 一 \WR>Y' \ / f ' 
\ / 
50 — as-implanted 
40 _ 1100°C annealed 
1200°C annealed 30 r • , • . 
1200 1100 1000 900 800 700 600 500 
Wave numbers (cm"1) 
Fig 4.9 IR spectra of the samples b) SiC8 and c) SiC6 with 
different annealing temperatures. 
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Fig 4.10 IR spectra of the as-implanted, 700°C and 800�C 
annealed san^ple SiCl. 
Figure 4.11 show the IR spectra of as-implanted and 1100°C annealed sauries 
with different dose. From figure 4.1 la, it can be seen that as the dose increases, the 
intensity of the IR spectrum increases. Also the intensity of the 760 cm"1 peak growth 
significantly with implantation dose. For the IR spectra of the 1100°C annealed 
sample, figure 4.11b，the intensity also increases with the dose. Just like IR spectra of 
the 1200°C annealed sacqples shown in figure 4.9，there are small peaks at around 
1100 cm'1 and 610 cm"1. For the lowest dose sample, 1 x 1017 ions/cm2, the intensity is 
the smallest and with much noise. As the dose increase, the noise level decreased. 
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4.4 Discussions 
4.4.1 IR Absorption Results 
Since on the one hand the IR results are more straightforward to discuss, and 
on the other hand the IR results give usefiil information to help understand the 
electrical results, we shall first discuss the IR results in this section. From figure 4.9， 
the IR spectra of the as~inq>lanted sauries are broad spectra with 2 peaks. It is a 
superinq)ose of 2 characteristic spectrum, the characteristic spectrum of Si-H 
rocking/wagging bond, peak at around 630cm"1 to 650cm"1 and a stretching Si-C bond, 
peak at 780cm"1 [Demichelis et al 1992]. The structure of the as-mq>lanted sanq)le is 
loose and water molecule is easily absorbed. Therefore Si-H bonds are always 
observed in the as-implanted or low temperature annealed sanq)les. The broad 
spectrum of the IR transmission showed that Si-C bonding is weak or there is SiC 
grains surrounded by the amorphous silicon-carbon matrix [Borders et al 1971， 
Chayahara et al 1992, 1993, Deguchi et al 1992, Ishikawa and Tsuji 1993, Kimura 
1981, 1982, 1985，Martin et al 1990, Nguyen and Vedam 1990, Rothemund and 
Fritzsche 1974, Serre et al 1995，Show et al 1994，Spitzer et al 1959a, 1959b, 
Srikanth et al 1988, Yan et al 1996b]. From figure 4.10，it can be seen that as the 
sanq)le annealed at a higher tenqjerature of 800°C, the intensity of the 760cm"1 peak 
increases that means the amount of Si-C bonding is increased. 
After an annealing of 900°C or higher annealing tenq)eratures, the IR spectrum 
shifted to 794cm'1. This characteristic peak of 794cm"1 belongs to crystalline SiC, c-
SiC, [Borders et al 1971, Chayahara et al 1992, Deguchi et al 1992, Ishikawa and Tsuji 
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1983, Kimura et al 1981，1982，1985, Martin et al 1990，Rothemund and Fritzsche 
1974, Serre et al 1995，Show et al 1994，Srikanth et al 1988，Yan et al 1996b]. This 
suggests that c-SiC is formed after 900°C annealing. When annealed at a higher 
tenq)eratures, the intensity increases, it suggests that c-SiC formed increases with 
tenq>erature. The 1100cm"1 IR spectrum peak of the 1200°C annealed sanqjles belongs 
to Si-0 stretching mode [Demichelis et al 1992] . Although the annealing was 
performed in N2 ambient, there was some residual oxygen gas in the system Therefore 
the sair^le surface is slightly oxidized during annealing at 1200°C. Where the 610cm] 
spectrum peak is the local mode of carbon in silicon, peak at 608cm"1 [Borders et al 
1971]. It should be the carbon cluster formed by the excess carbon atoms after high 
tenqjerature annealing. From figure 4.11a, the intensity of the 760cm"1 peak of the IR 
spectra increases with dose, It means that as the in^lantation dosage increases, the 
amount of Si-C bond increases. A similar case appeared in the 1100°C annealed 
samples, figure 4.1 lb. The characteristic peaks of the c-SiC increases with dose. 
Figure 4.12 shows the relationship between the full width at half maxhnuni 
(FWHM) of the IR absorption band and the annealing tenqjerature as well as the 
relative amount of SiC appeared in the sample SiCl. The relative amount was 
measured by the area of the absorption band. Since the IR spectrum of the as-
inqjlanted and low terrqjerature annealed sanqjles are the superimpose of the signals 
due to Si-H and Si-C bonds, the quantitative analysis of Si-C content was performed 
only for the high tenq>erature annealed sanq>les. From fig 4.12，it can be seen that as 
the annealing tenqjerature increases, the FWHM decreases. The FWHM further 
decreases only slightly after annealing at temperatures higher than 900°C. The 
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reduction of the FWHM of the as-inq>lanted sanqjle to that of the 900°C annealed 
sanq)le shows the tightening of the Si-C bond in the silicon-carbon matrix. This 
indicates that a temperature of 900°C is sufficiently high for the crystallization of SiC 
to occur and the further small reduction in FWHM at higher annealing terrqjerature is 
due to the recrystallization of the interface only [Kimura et al 1981，Rothemund and 
Fritzsche 1974]. 
Figure 4.12 also shows the changes of the relative amount of SiC formed with 
annealing tenqjerature. It can be seen that the relative amount of c-SiC formed at 
900°C is larger than that of the 1000°C annealed sample. It is supposed that a 
continuous layer of c-SiC was formed after 1000°C anneal. At 900°C, only fine grains 
of c-SiC were formed. In the fine grain layers, the grains were mixed with the silicon 
matrix. Therefore there will be some weak bonds between the bonded C to the 
surrounding Si. These weak bonds will reduce the transmission and results in an 
apparently larger amount of c-SiC. After annealing at 1000°C or higher temperatures a 
continuous c-SiC layer is formed and the amount of c-SiC formed increases with the 
annealing temperature. 
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Table 4.2 shows the FWHM, the relative amount of c-SiC formed and the peak 
positions of the IR spectra for the three sanqjles of different doses after 1200°C 
annealing. From Table 4.2, the FWHM of the sanqjles are narrow and that means the 
quality of the c-SiC formed is good. The relative amount of SiC formed was 2.21 units 
in SiCl to 1 in SiC6. Although the amount of SiC formed increases with the inqjlanted 
carbon dose, they do not increase in proportion. It is reported that at high dose 
inq>lantation, the formation of C-C bonds are un-avoidable [Kimura et al 1982]. It is 
difficult to break the C-C bonds through thermal annealing, thus the amount of SiC 
formed is not in proportion to the inqjlantation dose [Deguchi et al 1992, Kimura et al 
1982]. Kimura [Kimura et al 1982] also reported the formation of carbon clusters at 
doses higher than the stoichiometric values, these carbon clusters will remain 
unchanged even after 1200°C annealing. 
The IR peak position shifted from 794 cm"1 to 800 cm"1 and 818 cm"1 as the 
dose decreased from 1 x 1018 ions/cm2 to 1 x 1017 ions/cm2. The peak position located 
at around 800 cm"1 is still within the characteristic wave-numbers of c-SiC. But the 
peak position of the low dose sample is closer to the value of SiC granular or SiC 
precipitates in Si, 822 cm"1 to 830 cm"1, than the value of c-SiC layer [Isomae et al 
1993, Serre et al 1995]. Thus in the low dose sample SiC granular or precipitates may 
be formed rather than a continuous c-SiC layer in the high dose sanq)le. The formation 
of the granular or precipitates may be due to the fact that the dosage is too low. At the 
peak position of the inq>lanted carbon profile, the ratio of carbon atom to silicon atom 
is 1：6 for the low dose sanq)le. With this low dose, it does not have enough amount of 
SiC precipitates to form a continuous layer. 
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Table 4.2 FWHM, relative amount and IR peak positions of the 1200°C annealed 
sanies. 
sample Dosage FWHM Relative amount Peak position 
(ions/cm2) (cm"1) (a.u.) (cm"1) 
SiCl 1 x 1018 68 2.207 794 
SiC8 5 x 1017 74 1.341 800 
SiC6 1 x 1017 70 1.000 818 
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4.4.2 Hot Probe Measurement Results 
In the as-iirq)lanted and low tenq)erature annealed sanq)les, the surface layer is 
n-type. This n-type conduction layer lies on the range of the inq)lantation damage. This 
change of conductivity from p-type to n-type is not strange. Skorupa et al first 
reported this carbon related donor-type doping in 1992 [Lombard�et al 1996, 
Skorupa et al 1992, Yan et al 1996b]. Lombardo et al [1996] proposed that the n-type 
doping effect is due to a band of donor levels rather than a single shallow level 
The n-type conductivity may be due to several possibilities. (1) For intrinsic 
amorphous layer, hot probe measurement will tend to show n-type conduction. When 
the semiconductor is intrinsic, the electron and hole concentration is nearly the same, 
thus n(x„ > ppp even i fp > n slightly. Also it is reported that carbon inq)lantation at 50 
keV with 4 x 1015 ions/cm2 will lead to an enhanced damage accumulation which 
results in the formation of an amorphous layer [Souza 1994]. 
(2) Carbon is a dopant in silicon. Carbon form 2 deep levels in silicon. Both 
deep levels act as donor [Sze 1985]. One at 0.25eV, below the conduction band edge. 
The other at 0.35eV, above the valence band edge. Also it was found that most of the 
CVD grown SiC is unintentionally doped with n-type conductivity [Magafas et al 
1992, Molnar 1992，Moore 1993，Shibahara et al 1989, Yoshida et al 1985, Yamanaka 
and Ikoma 1993]. Therefore the n-type conductivity may be attributed to carbon 
doping. 
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(3) It is reported that Si-H bonds were formed after proton inqjlantation. This 
bonding when associated with inq)lantation defect centers will produce shallow donors 
[Gorelkinskii et al 1974, Li et al 1986，Wondrak and Silber 1985]. This type of shallow 
donors will break down at about 500°C annealing [Gorelkinskii et al 1974]. 
(4) Schmalz et al [1991] proposed that due to the high inq)lantation dosage, 
carbon clusters were formed and donors were introduced by the intrinsic point defects. 
Kimura et al [1991] also reported the observation of small grains in the as-implanted 
sauries and suggest that the small grains may introduce intrinsic point defects. 
The lowest mq)lantation dose of our samples is 1 x 1017ions/cm2. This dosage 
will produce an amorphous layer. The presence of an amorphous layer in the as-
inq>lanted and low ten^perature annealed sanq>les are supported by the perturbed IR 
spectra. The Si-C bond is not strong for low tenq>erature annealed san^ples. Also from 
Kimura's study [Kimura et al 1981], it is known that not all the carbon atoms will form 
N 
bonds with silicon to form SiC. Those free standing carbon atoms may act as donors in 
the silicon. The IR spectra also show the presence of hydrides in the as-inq>lanted and 
low temperature annealed sarr^les. These are the possible causes of the formation of 
donors. These features disappeared after high tenqjerature annealing. The amorphous 
layers are recrystallized. The hydride bonds are broken. Carbon should have bonded 
strongly with silicon to form c-SiC or bonded to other carbon atoms to form carbon 
clusters. Also after high tenqjerature aimealing, intrinsic point defects will be 
recovered. This is why the n-type conductivity disappeared after high tenqjerature 
annealing. 
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In the lowest dose saBq)le, the damage produced would be less severe than the 
higher dose san^les. Solid phase epitaxial re-growth of silicon starts at 600°C. Thus 
after 700°C annealing, the lowest dose sample started to recrystallize and the n-layer 
shifted towards the surface. The recrystallization of the sanqjle can be seen from the 
SRP depth profiles that the large peak shifted to a shallower position. After 800°C 
annealing, the lowest dose sanq)le is partly recaystallized. The bonding between carbon 
and silicon should be stronger after 800°C annealing. Therefore the carbon doping 
effect was weaker. For the medium dose sample, the situation is similar to that of the 
lowest dose sanq)le, except that the amount of damage produced would be larger and 
need a longer time or higher tenqjerature annealing to heal the damage. On the other 
hand, as the carbon inq)lantatioii dose is higher, more carbon atoms will form conq)lex 
defect precipitates with Si matrix. Both the number and the size of the precipitates 
increased. It will lead to damage accumulation [de Souza et al 1994, Mei et al 1991]. 
This is why the n-layer is deeper in the sanq)le SiC8 than in the sanq)le SiC6 as shown 
in table 4.1. 
Figure 4.13 shows the conduction layer structure of the san^le SiCl. The 
structure of the as-iiiq)lanted sanq>le is similar to the lower dose sauries. It may be 
due to intrinsic amorphous layer, carbon doping, Si-H related donors and/or point 
defects appeared in the as-implanted sanq)le. But after 700°C anneal, the structure 
became more conqjlex. Kimura had reported that if the dosage is too high, the 
inq)lanted carbon profile will appeared as square shape but not Gaussian shape 
[Kimura et al 1982]. There are also reports that for high dose carbon implantation, 
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after low tenq>erature annealing, carbon will difiuse from the surface to the buried 
carbon rich layer [Nguyen and Vedam 1990, Srikanth et al 1988]. For high dose 
implantation, self interstitial may be in super-saturation. This super-saturation will be 
situated at a depth in front of Rp and at the heavily damaged sur&ce layer. The 
inq>lanted carbon atom is a trapping of the Si self interstitial They will form C-Si 
interstitial conq>lex [de Souza and Boudinov 1993, de Souza et al 1994，Gosele 1985， 
Kikuchi et al 1993，Ladd and Kalejs 1985, Newman K C. 1985，Nishikawa 1992， 
Nishikawa and Yamaji 1993，Wong H. et al 1989]. This conq>lex is veiy mobile even 
at 300K Therefore carbon atoms will diffuse towards the damaged layer. And the n-
type conductivity structure just shrink towards the heavily damaged layer. 
For samples with lower dosage, the Si self interstitial is not in super-saturation. 
Therefore a smaller amount of C-Si conq>lex is formed and the diffiision is limited. 
From the SRP depth profile, the resistance of the sur&ce layer of SiCl is larger than 
the substrate. But the resistance of the surfaced layer of SiC6 is lower. Therefore it 
gave an indication of the di&sion of carbon atoms of sanq)le SiCl towards the 
damage region. 
For the 800°C annealed sanq)le, shnilar arguments as above applied. The 2 n-
type layer lie within the carbon-riched layer, Rp. The 0.125 - 0.170|im n-type layer is 
where the peak position of the carbon inqplantation. Therefore the n-conductivity of 
this layer may be singly due to carbon donors. For the front n-type layer, the layer 
thickness is only 100A. It is proposed that it may be due to the inaccuracy of the hot 
probe test. For sanq)les annealed at 900°C or higher tenq)eratures, the amorphous 
48 
CHAPTER 4.4 DTSCURSTONS 
layer was recrystallized. The hydrides were removed. The excess point defects were 
greatly recovered. Also most of the carbon atoms formed strong bonding with Si, thus 
the conduction type changed back to p-type conduction. 
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Fig 4.13 Conductivity layer structure of the sample SiCl, 
a) as-implanted, b) 700°C and c) 800�C annealed. 
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4.4.2 SRP Depth Profiles 
We shall now discuss the SRP depth profiles of the sanq>les. From figure 4.1， 
for the as-inqplanted sanq>les，the small peak at about 0.12pm to 0.18^m is related to 
the carbon in^lantation peak position in these sanq)les. From TRIM 95 simulation, for 
50keV carbon inq>lantation into Si, and Rp is 1485A and ARp is 464A. Therefore the 
small peak lie at where the carbon concentration is about the highest. It was reported 
that, the peak carbon concentration region will have in situ crystallization due to high 
dose mq>lantation [Yan et al 1996b]. Also from TEM study of other researchers, it is 
known that fine grains or precipitates of SiC is formed at Rp in the as-inq)lanted 
sauries [Chayahara 1993, Deguchi 1992, Isomae et al 1993, Kimura et al 1981, 
Martin et al 1990，Reeson et al 1990，Wong H. et al 1990]. As Si-C or C-C bonding is 
strong, the resistance there is higher. The second peak at about 0.4-0.5(jm for the as-
implanted sart^le and that at about 0.3-0.4jj,m for the 700°C annealed sanq>les should 
be due to the depletion region of the n-p junction appeared in the san^les. After 
annealing at higher temperature, a high resistance sur&ce layer was observed. This 
high resistance sur&ce layer should be a heavily damaged layer with lots of defects. 
According to Reeson [1990], the surface layer is a silicon layer and that underneath is 
a SiC layer. The interface between silicon layer and SiC is very rough and is an 
disordered layer. Therefore the spreading resistance is higher. 
For sauries annealed at 800°C or higher, the conductivity type changes back 
to p-type. The n-p junction disappears. After high terrqjerature annealing at 900°C or 
above, just beneath the high resistance surface layer, a layer of resistance lower than 
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the substrate appears. As annealing temperature is higher and higher, the spreading 
resistance of that layer becomes lower and the thickness of that layer becomes larger. 
After 1200°C annealing, the lowest spreading resistance attained is about one tenth 
that of the substrate. This phenomenon of lowering of the spreading resistance, or 
increase in carrier concentration is also reported by several groups of researchers 
[Lombardo et al 1996, Schmalz 1991, Skorupa et al 1992, 1993]. This lowering of 
resistance may be due to several reasons. Firstly, it is reported that acceptor-like levels 
can be induced by carbon inq>laiitation after high tenq>erature annealing [Schmalz et al 
1991]. The origin of these acceptor-like levels are unknown. It is known that after high 
dose implantation and Mgh temperature annealing, dislocation loops will be formed 
[Feng et al 1985, Ryssel and Ruge 1986]. This was confirmed by TEM observations 
[Martin et al 1990, Schmalz et al 1991, Reeson et al 1990, Wong KL et al 1990]. The 
acceptor-like levels may be related to these dislocations. 
Secondly, boron redistribution may be another cause of the low resistance. 
Boron difiusion is mainly via silicon interstitials. For low tenq)erature annealing, most 
of the silicon self-interstitials are trapped by the implanted carbon atoms. Therefore 
there is no significant boron diSusion. However, for high tenq>erature annealing at 
1000°C or above, boron diffusion becomes inqjortant. In fact, there was reports on 
iirq)laiitation damage induced boron redistribution in silicon [Wong S.P. et al 1994] 
and this phenomenon was attributed to the non-uniform distribution of point defects 
due to urqplantation damage \Lo et al 1996]. Very probably the same mechanism is 
responsible for the formations of the low resistance layer in our samples. However, this 
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speculation need further e?q)erimental confirmation, say, by means of SIMS study of 
the boron profiles in these samples. 
The third possible causes may be due to the unrecoverable implantation defects 
in the silicon substrate. When the inq)lantation dose is too high, radiation damage 
cannot be completely preserved via annealing [Ryssel and Ruge 1986]. These radiation 
damage may form deep traps. It is reported that some carbon inq)lanted deep traps will 
partial condensate the shallow donors [Schmalz 1991]. In a p-type semiconductor, if 
some shallow donors were corq)easated, the resistance there will be reduced. Except 
radiation induced deep traps, the carbon rich layer may form strong C-C bond 
[Deguchi et al 1992] or carbon cluster which can also induced deep traps and 
condensate the shallow donors in the substrate. 
Finally, it is reported that carbon inq)lantation will lead to gettering effect 
[Feng et al 1985, Gosele 1985，Skorupa et al 1993，Wong H. et al 1989]. After high 
teiiq)erature anneal, metals will be trapped at the carbon-rich layer. Since MEWA do 
not have mass-analyzer, therefore if the purity of the cathode is not high enough or the 
arc produced is not pure, then metal inqjurities may be Introduced into the silicon 
wafer [Zhou et al 1994]. The metal atoms will be gettered into the carbon-rich layer 
and reduce the resistance there. Since our dosage is from 1 x 1017 ions/cm2 to 1 x 1018 
ions/cm2, if there is 0.0001% metal impurity, there will be 1 x 1011 to 1 x 1012 metal 
ions/cm2 inq>lanted into the wafer. Let say this is Al impurity from the cathode holder. 
Al has an atom distribution of 38% Al+ ions and 51% Al2+ ions [Brown 1991]. From 
TRIM 95 simulations, Rp is 1676A and 825A and ARp is 594A and 33 lA respectively. 
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The composite in^plantation profile of a dose of 5 x 1010A1 ions/cm2 is shown in figure 
4.14. 
Al implantation range j 
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depth (um) 
Fig 4.14 Depth distribution of Al mq)lantation simulated by LSS theory. 
The corresponding peak in^lantation concentration for a dose of 5 x 1010 ions/cm2 will 
be 6 x 1015 /cm3. If 10% of the Al atom is electrical active, then it will be coirq)arable 
to the substrate carrier concentration, which is about 1014 ions/cm3. Since Al 
substitutional diffusion is large at 1000°C or higher tenqjerature annealing [Wolf and 
Tauber 1986] and the size of Al atom is larger than carbon and silicon，the 
substitutional Al atoms will release the lattice strain of C-Si bond, which will favor the 
gettering of Al atom in the c-SiC layer. Except gettering of metal, carbon implantation 
will also trap oxygen atoms after high tenqjerature annealing [Feng et al 1985, Gosele 
1985, Hockett et al 1985, Sadana 1985，Seidel et al 1975, Wong H. et al 1989, 1990]. 
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The gettering effect of oxygen atom is even larger than the effect of metal atoms. Since 
oxygen is a donor in silicon, this oxygen getting effect may also lead to some changes 
in the spreading resistance profiles of these sanq)les. However, it is premature here to 
arrive at an exact mechanism responsible for the formation of such low spreading 
resistance layer. Further experimental works are required to understand this 
pheuonenon. It will be especially useful to have a SIMS study on the boron, oxygen 
and metal inqjurity profiles in these sauries. 
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4.4.4 Current Transport Mechanism 
Rectifying behaviors were observed in all the I-V measurements. The current 
measured at negative bias was larger than the positive bias. The negative- and positive-
bias were applied on the inq>lanted surface. It showed that the negative bias was the 
forward bias. In the as-inq)laiited or low-tenq>erature annealed sanq>les, n-p junctions 
were formed as confirmed by the SRP measurements. For an n-p junction, the electron and 
hole concentration gradient are large at the junction. Thus the forward current is large. 
The surface layer of the as-inq)lanted or low tenq)erature annealed sarrq)les are n-type 
amorphous layer with weak Si-C bond or with fine grains of SiC and the energy bandgap 
are larger than the silicon substrate. 
For higher temperature annealed sartq)les, a layer of c-SiC was formed. Boron is an 
acceptor in SiC. Therefore this layer showed p-type conduction. The deep levels of boron 
in SiC have activation energies of ~0.7eV and 0.3 • 0.4eV [PensI and Choyke 1993, Rao 
et al 1995, Schneider and Maier 1993]. And SiC is a high resistivity material Therefore 
these sanies exhibit a p"-p heterostructure and the negative bias acts as forward bias. 
The electron and hole concentration gradient at the p"-p junction is conq>aratively low. 
Thus the forward current is lower in conq)arison with the as-implanted san^les. 
According to Anderson's difiusion model and emission model for heterojunction, 
equilibrium energy band diagram of these n-p and p-p heterojunctions are shown in figure 
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4.15 and 4.16 respectively [Sharma and Purohit 1974]. In figure 4.15 and 4.16, the 
symbols Ec，am0ip，Ec,c-sic, Ec,si are respectively the conduction band edges of amorphous 
layer, c-SiC and Si; similarly, Ev,amoip, Ev)C-sic, Ev,si are respectively the valence band 
edges; AEC and AEv are respectively the discontinuities of the conduction and valence 
bands; Ef is the Fermi level under thermal equilibrium conditions;小細哪，(t)c-sic and (|>si are 
the work functions, Eg，am0ip，Eg,c.s«c, and Egsi are the energy bandgaps and Xamoip, Xc-sic and 
Xsi are the electron affinities of the respective materials. From the energy band diagrams, it 
can be seemed that there are many trap levels at the inter&ce. The trap levels are 
introduced since there are different kinds of defects. There are in^lantation induced point 
defects, carbon-related defects; such as carbon cluster, carbon-sOicon conq)lex; and 
hydrides related defects or infinities in the as-inq)lanted sanoqples. In the high tenqjerature 
annealed samples, there are SiC grains, carbon cluster, gettered metal atoms, gettered 
oxygen atoms or dislocations. 
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Fig 4.15 Anderson's difiusion model of the n-p heterojunctions (see text for the 
meanings of the symbols. 
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Fig 4.16 Anderson's emission model of the p'-p heterojunctions (see text for the 
meanings of the samples). 
Figure 4.17 shows the major forward-bias transport mechanisms in an n-p 
heterojunction [Milnes and Feucht 1972，Sharma and Purohit 1974]. Figure 4.17a(i) is 
Anderson's model [Anderson 1960, 1962]. Anderson assumed that due to discontinuities 
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in the band edge at the interface, diffixsion current will consist almost entirely of electrons 
or holes. The relationship between current and voltage is accordingly 
I = AQXD\ D2 e x p - 2 - ^ - 一 e x p ( 1 ) 
FV KT J _ V \ K T J V 紅 Y J 
Where VD2 is the built-in potential on the wide bandgap material, Vi and V2 are the 
portions of the applied voltages in the p- and n- semiconductor, k is Boltzmann's constant, 
T is the absolute temperature, A is a constant and q is the magnitude of electronic charge. 
Anderson's model is usually used to predict the energy band diagram of 
heterojunction but it was experimentally found that both the tenq>erature and voltage 
dependences do not follow equation (1). It is because his model neglected tunneling and 
recombination current and therefore the predicted current is much smaller than the 
experimental result. 
Figure 4.17a(ii) is a emission-recombination model proposed by Dolega [Dolega 
1963]. It is assumed that the lattice at the interface layer is greatly disturbed. Curreat will 
conduct through the recombination of carriers at mid-gap defect levels in the depletion 
layer. Holes can also drift-diffuse over the spike present at the interface. This is a fast 
recombination. The current^voltage relation is given by, 
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/=40] (2) 
and Is can be fitted by [van Cleef 1996] 
Where Is is the saturation current, n is ideality factor, Ea is activation energy and other 
symbols carry their usual meanings. B is a tenqjerature independent constant. 
For Dolega's emission-recombination model, the ideality fector, n, will depend on 
the ratio of the densities of imperfections in the two semiconductors. I fn = 1，it means the 
current transport is via dijSusion and the densities of inq)erfections in the two 
semiconductors are low. If the density of imperfections in the two semiconductors are 
higji, then n = 2 and current transportation is via recombination. A value of n between 1 
and 2 means that the transp ort is due to a combination of both mechanisms. 
Figure 4.17b(i) is a tunneling model first proposed by Rediker, Stopek and Ward 
[Rediker et al 1964], in which electrons are surmount or tunnel through the potential 
barrier in the n-type wide-band gap material. For this current transport mechanism, 
whether the electron is tunneling through or surmount over the barrier is greatly depend 
on the properties of the n-type material. The current characteristics will be like, 
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/ = / , ( r ) e x p f ^ | (3) 
where IS(T) is a weakly increasing function of tenqjerature. Later Newman P.C. [1965] 
found that Is(T) is proportional to exp(T/T0). Thus the current characteristic of tunneling 
was re-written as [Newman P.C. 1965], 
(T\ (V\ 
, = 八 exp 7 exp — (3a) 
\T0J WJ 
with Jo，V0 and T0 being weakly temperature dependent constants and other symbols carry 
their usual meanings. 
From equation (3a), it can be seen that the voltage and tenqjerature appeared as 
separable variables and the ten^erature dependence is exponential in T, i.e. In I oc T. 
Figure 4.17b(ii) is a tunneling-recombination model proposed by Rib en and Feucht 
[Riben and Feucht 1966a, b]. This is a band-to-band tunneling or multi-step tunneling 
coupled with recombination process. Tunneling current would be carried out by electrons 
tunneled from the conduction band into an empty interband states and then recombined 
with holes. The electron can also fall into an empty band states and then tunnel into the 
conduction band of the p-type material. Electrons can also tunneling and recombine in a 
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staircase multiple tunnelmg-recombination process. The current transport takes the 
following form: 
I = CQxp[-a(VD-V)] (4) 
where VD is the division voltage, a and C are weakly tenqjerature-dependent constant. 
In equation (4)，a depends on the electron effective mass in the forbidden region, 
the dielectric constant, the equilibrium carrier concentration and the exact shape of the 
barrier. But it was found that the theoretical value of a derived from a single band-to-
band tunneling-recombination process generally does not agree with the experimental 
value. Therefore, it is believed that the current transport is through a multi-step tunneling-
recombination process than a band-to-band tunneling-recombination process. 
Newman's expression for the tunneling current (equation 3a) is known as the 
thermal current and the multi-step tunneling (equation 4) is termed as the non-thermal 
tunneling. The term thermal current means that the current-carriers must pass through the 
potential barriers to cross the junction. If the tunneling is dominant at high voltage or at 
high tenqjerature, then the tunneling currents are thermal in nature. It is because it needs 
more energy to surmomit a spike in the energy band diagram. If the tunneling appeared at 
low-bias, then no potential barriers are surmounted and then it is a non-thermal tunneling 
current. Non-thermal tunneling current is only slightly dependent on tenqjerature [Sharma 
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and Purohit 1974]. It is believed that thermal tunneling current is through extended states 
and non-thermal tunneling current is through localized states. 
a. 
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Fig 4.17 Current transport of an n-p heterojunction. ai) Anderson's model, ii) emission-
recombination, bi) tunneling, ii) recombination-tunneling. 
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After high tenq)erature annealing, the samples become a p-p heterostructure. There 
are two types of current transport mechaiiisms for isotype heterojunction; one is the 
double- Schottky-diode model, and the other is the tunneling model [Milnes and Feucht 
1972, Sharma and Purohit 1974]. 
The double-Schottky-diode model was proposed by Oldham and Milnes [Oldham 
and Milnes 1963，1964]. They assumed that there is a lot of electrically active interface 
states, which is produced via dislocations. These interface states are both acceptor and 
donor in nature and will affect the energy band diagram. The interface states situated in 
between the two semiconductors have a large capture cross-section for the current 
transport. As shown in figure 4.18, carriers can either pass through the junction by direct 
transmission, such that holes are emitted over the bottoms ofthe potential barriers without 
being captured, or through indirect transmission such that the holes are first captured by 
the interface states and then are re-emitted to the bottom of the second semiconductor. 
This current transport mechanism is just like two Schottky diodes connected in series back 
to back. According to Van Opdorp and Kanerva [Van Opdorp and Kanerva 1967, 1969], 
the current-voltage characteristic will be, 
/ = 2IJs2sinh(^) 
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where t i and are the reverse saturation currents of the two diodes. As V -> oo, Isl，the 
reverse saturation current of the narrower bandgap material will be obtained. For V-> -oo, 
-I。，the reverse saturation current of the wider bandgap material can be found. 
The tunneling model is a generalized model of that of Oldham and Milnes, 
proposed by Van Ruyven [Van Ruyven 1964, Van Ruyven et al 1965]. Due to the large 
amount of defects states at the interface, which gives the interface a metallic character, it 
is proposed that the current transport cannot be of a wholly thermal type. Carriers can 
easily tunnel through the narrow barrier at the interface. According to this assunq)tion, the 
current-voltage characteristic is given by 
7 = /0exp ^ oxp[a(VD - V)] (6) 
where Ei, E2 are the activation energies respectively associated with the two different 
tenqjeratnre regions and a is a tunneling probability related factor. 
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v. 0 two step transmission 
< 0 direct transmission 
M W 
Fig 4.18 Double-Schottky-diode current transportation of p-p heterojunction. 
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From equations (2) to (6), the tenqjerature variation of the slope of the linear 
region of the logarithmic of forward bias current will be different for different transport 
mechanisms. While equations (2) and (5) will lead to a strong tenqjerature dependent 
slope, the tunneling mechanisms (equations 3，4 and 6) will lead to a very weak 
teiiq)erature dependent slope. Therefore the derivative of the logarithmic of current with 
^/LU I 
respected to voltage ^ is used to identify the transport mechanisms. Figure 4.19a 
shows a typical plot of — — . From the plot, the change in the slope of the I-V curve as a 
dV 
function of voltage can be seen. At very low bias, the slope is very large and then it pass 
through a local minimuTn which is associated with the shunt resistance. Then at larger bias, 
there is a local maximum near which the I-V characteristic is a true reflection of the 
current transport mechanism. At even higher voltages, the slope decreases rapidly and 
comes to a constant value, and this region is associated with the series resistance. In some 
samples there appear two local ma>dma at two different voltage range, as shown in figure 
4.19b. Each local maximum corresponds to one transport mechanism, therefore the two 
maxima mean that there are two transport mechanisiiL As the bias voltage increase, the 
transport mechanism change from one to another [Van Cleef et al 1996]. 
From equation (2) or (5), its derivative with respect to voltage is q/nkT. This 1/T 
tenqjerature dependent means that at lower tenqjerature, the value of the slope should be 
larger (figure 4.20a). If the value of the maxima appears to be tenqjerature independent or 
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weakly tenqjerature dependent, then it should reflect a tunneling mechanism (figure 4.20b) 
as evident from equations (3), (4) or (6). 
In practice, another difficulty arises when we try to fit the slope of the linear 
region. It is difficult to determine the appropriate fitting region which truly reflects the 
current transport mechanism and not corrupted by the shunting resistance and the series 
resistance. We adopt the following scheme to solve this problem; the second derivative of 
In I with respect to voltage is taken and we consistently take the region between the two 
turning points of the 2n derivative curve to be the fitting region. This scheme is illustrated 
in figure 4.21. For exanqjle, in figure 4.21a, it is shown that without using the 2nd 
derivative as a guidances the linear region to be fitted may have some arbitrariness. The 
fitting range becomes well defined according to this scheme with the guidance of the 2nd 
derivative curve. Figure 4.22 shows a typical plots of the derivative of In I versus voltage. 
The slopes were then calculated after identifying the linear region of the In I curves using 
the mentioned scheme. From the behavior of the slopes with respect to the measurement 
tenqjerature, the current transport mechanism can be determined. The slopes of the linear 
region of the sanq>les are shown in figures 4.23 - 4.25. 
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voltage (V) 
Fig 4.19 A typical plot of voltage derivative of In I versus 
voltage, a) with one transport mechanism, b) with two 
transport mechanisms at two different bias range. 
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Fig 4.21 (a) In I vs V, (b) derivative of In I vs V，(c) 2nd derivative 
of In I vs V. The choice of voltage range is critical; it is difficult 
to determine the exact voltage range without the guidance of the 
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2 0 一 • 800°C annealed / i 
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Fig. 4.23 Slope calculated from the samples of SiCl 
with different annealing and measurement temperature. 
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Fig 4.24 Slope calculated from the samples of SiC8 
with different annealing and measurement temperatures. 
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Fig 4.25 Slope calculated from the sample of SiC6 
with different annealing and measurement temperatures. 
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4.4.5 Ideality Factor And Transport Mechanisms 
Table 4.3 lists the possible current transport mechanisms, the tenq)erature 
range as well as the ideality factors and activation energies, if any. Ideality factors and 
activation energies were calculated if the current transport was through a 
recombination-emission mechanism. It should be noted that at low temperatures the 
current may be too low that the data were too noisy to calculate the slope. On the 
other hand, at high tenq>eratures, the shunt resistance and the series resistance can be 
so large that may overwhelm the real current transport such that no local maximum is 
^/lii I 
observed in the plot and thus no slope can be calculated. 
dV 
From figure 4.23 - 4.25, for the a&implanted samples of SiCl and SiC8, the 
slope ofthe logarithmic current was increased with tenqjerature. This phenomenon of 
increasing slope with tenq)erature has not been reported in the literature. It is known 
that for emission-recombination transport mechanism, the slope should decrease with 
increasing tenq)erature. For thermal tunneling, it should follow equation (3a)，i.e. In I 
oc T. Figures 4.26 - 4.28 show the In I versus T plots of the as-inq)laiited sanq)les. 
From these figures, it can be seen that at low bias, they have a similar shape. For higher 
tenq)eratures the forward-bias current is nearly constant, and the tenqjerature range is 
coincident with the tenqjerature range of increasing slope of the logarithinic current. 
But at higher measurement tenqjeratures or at higher forward bias, this behavior 
disappeared. As this current-voltage behavior appeared at voltages less than 1 volt, it is 
supposed to be a multi-step tunneling at low tenq)erature. 
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For the 700°C annealed san^les, the In I versus T plots are shown from figure 
4.29 - 4.31. The figures show a linear relationship between In I and T. It is similar to 
the as-in^lanted samples. Therefore it is no doubt that this is also a tunneling 
mechanisiiL 
After high tenqjerature annealing at 1000°C, 1100°C or 1200°C, a c-SiC layer 
was formed and the sanq)les became a p-p SiC/Si heterojunction structure. At low 
measurement tenq)eratures，the slope was found to be nearly independent of 
tenq)erature which showed that the current transport was mainly through tunneling. 
For high temperature measurements, the slope was found to decrease with increasing 
tenqjerature. This shows that the current is due to a double-Schottky-diode transport 
mechanisia As tenq>erature increases, the amount of electrically active defects in the 
interface increases and therefore the double-Schottky-diode mechanism is pronounced. 
Figure 4.32 is a typical plot of the forward-bias current to reverse-bias current 
of the 700°C annealed sanq>le SiC8. This is a typical plot of the sauries, no matter it is 
annealed at low temperature or high tenq>erature. It was found that rectifying behavior 
is more pronounced at lower measurement tenq)eratures than at higher measurement 
temperatures. This should be due to the difference in the transport mechanisms at low 
and high temperatures. Also at higher measurement tenq>eratures, there are more 
electrically active defect states that make the leakage current larger. Dislocations will 
appear after high temperature anneal, therefore it leads to a relatively larger leakage 
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current than the as-inq)lanted sanq)les. As shown in figure 4.33，the ratio of the 
forward to reverse current significantly reduced after annealing. 
The annealing tenqjerature range from 800°C to 900°C seems to be a critical 
range below which n-p junctions were formed and above which p-p heterojunction 
were formed in these sanq)les. The current transport mechanisms in these sanq>les also 
vary as summarized in Table 4.3 and do not show a clear trend. The trap level density 
should be the least in the 800°C to 900°C annealed samples among all sanqjles. They 
have much fewer point defects than the as-iirq)laiited sarqples, and dislocations are not 
yet formed. It was also found that the current of the 900°C annealed sauries are the 
smallest but the rectifying behavior is the most pronounced (as shown in figures 4.7 
and 4.8). From the point of view for rectifying junction device applications, this means 
that annealing at 900°C is the optimum condition for the formation of such SiC/Si 
heterojunctions. 
Ideality factors together with the activation energies were calculated for the 
800°C and 900°C annealed sarrq)les. The value of ideality factor varied from 1.534 to 
5.088 and the activation energy varied from 0.126eV to 0.343eV. The ideality fectors 
of many of the samples exhibit values larger than 2. This is attributed to the effect of 
the recombination currents of deep traps at the interface [Edmon et al 1988]. As 
temperature increases, the recombination current via deep traps increases. The slope 
calculated will also increase. Since this current increase is larger at higher measurement 
tenq>eratures, the relationshq) between the slopes and 1/T will increase. Consequently, 
the ideality factor calculated will be larger. 
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The activation energy of B in Si is 0.045eV. In SiC there are two acceptor 
levels associated with B atoms, one with an activation energy of about 0.6 - 0.7eV and 
the other with one of 0.3eV [Pens! and Choyke 1993, Rao et al 1995, Schneider and 
Maier 1993]. The activation energies determined for the 800°C and 900°C annealed 
samples generally lies in the range from 0.12 to 0.35eV. We speculate that this may be 
loosely attributed to the shallow B acceptor levels in SiC. Note that in feet the SiC/Si 
heterojunctions formed be carbon incantation in these sanq)les are not abrupt 
junctions. However, the theories we mentioned earlier are derived for abrupt junctions. 
In fact, activation energies in the range of O.leV to 0.33eV has been reported in the 
literature [Han et al 1989，Edmond et al 1988, Lombardo and Cacciato 1996, Yan et 
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Fig 4.32 Ratio of the forward- to reverse- bias current of the 700°C 
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Fig 4.33 Ratio of the forward- to reverse- bias current 
of sample SiC8 with different annealing temperature 
measured at 200K. 
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Chapter 5 Conclusion and Future Works 
5.1 Conclusions 
To conclude we have performed carbon inq)laiitation into Si with a MEWA 
ion source. The electrical properties of these sanq)les have been studied using 
spreading resistance profiling measurements and tenq)erature variable I-V 
measurements. Change of conductivity from p-type to n-type was observed in the as-
inq)lanted and low tenqjerature annealed sanq>les. After high tenq)erature anneal, a 
layer of low spreading resistance was formed in the saccules. The possible mechanisms 
responsible for such type conversion and the formation of the low spreading resistance 
layer have been discussed. 
The junctions formed in the as-inq)lanted and low-tenq) erature annealed 
sarrq)les were found to be n-p heterojunctions, and those in the high tenq>erature 
annealed samples were p-p SiC/Si heterojunctions. The chemical bonding structures of 
these implanted sanqples and their changes with annealing have been studied by FTIR 
measurements The results were used to help understand the electrical properties. 
The current transport mechanisms in these heterojunctions have been studied in 
details by investigating the tenqjerature variation of the I-V characteristics and their 
derivatives. Depending on the in^lantation and annealing conditions, the sanq>le show 
different current transport mechanism at different measurement tenq)erature ranges. 
Judging from the rectifying behaviors of these junctions, the optimum anaealing 
tenq)erature was found to be at around 900°C. For the best sanq^e we had in this 
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study, the forward to reverse current ratio can achieve a value of 970000 at a bias of 
3 V in magnitude at room temperature. 
5.2 Future Work 
In order to find out the sources of the n-type conductivity of the as-inq>lanted 
samples and the reason for the formation of the low spreading resistance layer in the 
high tenq>erature annealed samples, it is suggested to perform SIMS e^qperiments to 
study the distribution of oxygen, boron, carbon and other metal inqmrities in these 
samples and to see whether the strange p-, n- type conductivity is related to their 
distributions or not. Floating-zone (Fz) wafer instead of Czochralski-growii (Cz) wafer 
can be used to see the effect of the oxygen concentration towards the conductivity type 
and the low spreading resistance layer. Deep level transient spectroscopy (DLTS) can 
also be done to find out the energy levels of the traps and its concentration. Since its 
detection limit is as low as 10 /cm3, it is suitable for the detection and 
characterization of deep levels. 
Cross-sectional TEM is another characterization method that should be done to 
find out the actual structures of the samples and to confirm the formation of 
continuous layer of c-SiC and/or fine grains of c-SiC. Diffraction experiments should 
also be performed to find out whether the SiC layer is P-SiC or a-SiC. TEM can also 
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